A simple alignment apparatus and the method of transferring the offset test load to the prosthetic assembly through an aligned mandrel for the principal structural tests in accordance with ISO 10328 is presented. The new alignment apparatus was used to prepare test specimens consisting of traditional laminated prosthetic sockets, adaptors, shanks and foot blocks. The alignment apparatus proved useful in ensuring proper orientation and positioning of the components relative to one another as well as to the loading coordinate axes. The sockets and the other components achieved the maximum load specifications during the static failure tests and no failure of components was observed in the cyclic tests.
Introduction
The purpose of a prosthesis is to replace some of the function lost due to amputation. The components of a lower limb prosthesis for a trans-tibial amputee consist of a socket enclosing the stump, a shank and a foot. In a trans-femoral amputee a knee joint is required. Each component is unique in its mechanical features and with its own failure mechanism. Mechanical testing of components needs to be carried out in order to ensure their structural integrity, durability and most importantly safety for the users. Currently, the test specifications of all components of trans-tibial and trans-femoral prostheses are documented in ISO 10328. The All correspondence to be addressed to Peter V. S. Lee, National University of Singapore, Orthopaedic Diagnostic Centre, National University Hospital, Lower Kent Ridge Road, Singapore 119074. Tel: (+65) 772 4424; Fax: (+65) 774 4082; E-mail: peter-lee@imre.org.sg scope of ISO 10328 is stated as "ISO 10328 specifies procedures for static and cyclic strength tests of lower limb prostheses where, with one exception, compound loadings are produced by the application of a single test force. The compound loads in the test samples relate to the peak values of the components of loading which normally occur at different instants during the stance phase of walking ". In order to achieve compound loadings via the application of a single test force, the prosthesis tested must be aligned and set up strictly according to the specifications stated in ISO10328.
In this study, a simple alignment device and method is applied to prepare trans-tibial prosthetic assemblies for structural tests according to ISO standards. The method includes the process of locating the position of the knee centre and the direction of the knee centre-line within the prosthetic socket of the trans-tibial prosthesis.
Method

Specimen preparation using the alignment apparatus
The complete trans-tibial prosthetic test specimen consisted of a socket, a shank, a foot block and the connections for these components. The socket was fabricated using the traditional laminating process. The socket was attached to an endoskeletal system manufactured by Otto Bock, GmbH, Germany. The components were assembled according to the manufacturer's instructions. However, the foot was replaced by an aluminium foot block, as there were concerns that the flexibility of a prosthetic foot might cause excessive deflection altering the loading conditions on the socket.
The socket was firstly filled with soft material (sponge) up to a level of 10cm distal to the socket brim. The socket wall area above the sponge was then lined with plastic lining (Fig. 1) . The sponge allowed the distal section of the socket to deform freely under loading. The plastic lining prevented the plaster of Paris from adhering to the socket wall, in order to allow the socket to deform freely under axial loads in the long axis of the socket. The socket had to fulfill specific alignment criteria with respect to its distal components. This was achieved using the alignment apparatus described below. Upon achieving the required alignment, the mandrel was embedded to a depth of approximately 10cm in plaster of Paris.
The alignment apparatus consisted of the main frame, the top plate, the knee locator and an alignment rod ( Fig. 2) . With the aid of the alignment apparatus, the test prosthesis was aligned as stipulated in ISO 10328 as follows: i. the knee joint centre was directly above the origin of the (loading) coordinate axes and lying on the u-axis (a line extending from the origin and passing through effective ankle and knee joint centres); ii. the knee joint centre was at a height of 500mm from the origin; iii. the knee joint centre-line was parallel to the o-axis (a line perpendicular to u-axis and parallel to effective knee joint centre-line); iv. the components were adjusted to a "worst alignment" configuration. In order to achieve these specifications, the
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Plastic Lining Spong Socket 10 cm test prosthesis was placed on the main frame of the alignment apparatus for adjustments as shown in Figure 2 . The knee locator assembly, consisting of a ring with two adjustable arms, was inserted into the alignment rod and its orientation fixed with the aid of the alignment screw. The axis along the two arms of the locator was perpendicular to the u-axis and parallel to the o-axis. The locator was tightened and fixed at a height of 500mm from the origin. The purpose of the locator was to assist in locating the knee joint centre-line as well as the knee joint centre. These two parameters are not easily located due to the absence of a knee joint unit in a trans-tibial prosthetic socket. The arms of the locator were extended until they were secured against the inner wall of the socket and were made to coincide with the knee flexion axis. At this position, the arms of the locator provided the direction of the knee joint centre-line and the -r" centre of the ring locates the knee joint centre (Fig. 2) .
The assembly was adjusted to a structurally "worst alignment" configuration. This was achieved by adjusting the distal adaptors in the u-f plane such that the components moved to the extreme alignment. This adjustment was performed in a direction away from the load line such that there was an increase in the bending moments acting on the components (Fig. 3) . To facilitate this adjustment, the distance between the proximal and the distal adaptors was increased along the shank. The alignment at the proximal adaptors was also altered in order to maintain the knee centre directly above the origin. No alignment adjustment is made in the u-o plane of the prosthesis in order to maintain the knee centre-line perpendicular to the u-axis. Once the socket had been properly orientated Mandrel I Fig. 3 . Worst alignment condition. Fig. 4 . Final alignment and mandrel position. and positioned within the (loading) coordinate axes, the clamp and the bolts at the adaptors were tightened and the alignment rod and the locator were removed. In place of the alignment rod, a stainless steel mandrel was secured along the u-axis (Fig. 4) . Finally, the mandrel was embedded within the proximal section of the socket using the plaster of Paris. After the mandrel had been set in position within the socket, the top loading plate was inserted through the mandrel. This set up was then mounted onto an Instron universal testing machine (Instron Inc., USA) by attaching ball joints on the proper mounting holes in the top and bottom loading plates (Fig. 5) . The centres of the ball-joints corresponded to the positions of the top and bottom load application points as defined by the ISO standards.
Structural test
The structural test stipulated by ISO10328 consists of static and cyclic tests, carried out on In the cyclic test, the test specimens were subjected to sinusoidal loading at 3Hz for 3 million cycles with a minimum compressive force of 50N and a maximum compressive force of 1330N and 1200N respectively for conditions I and II. The cyclic loading was programmed using the Instron MAX software (Instron Inc., USA).
Test specimens that successfully complete the cyclic test proceed to the final static tests. The test force of 2240N and 2013N was applied at a rate of lOON/s for condition I and II respectively. The specimens should be able to withstand the test loads for 30 seconds without failure.
Results
The permanent deformations recorded for both test configurations I and II in the static proof test was less than 0.5mm, which is considerably lower than the specified 15mm for failure. No failure was observed during the static failure tests. The test prosthesis achieved the maximum loads in both the loading configurations as shown in Figure 6 . Visual inspection with a 4X magnifier did not reveal any cracks in the socket. However, the shank of the test prosthesis exhibited a slight permanent deformation due to bending during the static failure test in loading configuration II.
No fatigue failure was observed in the test prosthesis after 3 million cycles in both loading configuration I and II. The specimens after completing the cyclic test were also able to withstand the test force imposed during the final static test. The socket was visually inspected with a 4X magnifier and did not reveal any cracks or permanent deformation.
Discussion
Various methods of transmitting the test loads to the prosthetic assemblies via the sockets are possible. The method selected in this study applied a mandrel that was embedded in plaster of Paris at the proximal section of the socket. The distal section of the socket was filled with soft material thus there was no additional material that could alter its structural strength. The plaster of Paris was also prevented from adhering to the socket wall using the plastic lining. This was vital in order to allow the embedded mandrel to move minimally along the length axis of the socket to produce the wedging action on the socket wall under axial loading. The mandrel was prevented from slippage within the plaster of Paris via rods inserted perpendicularly through the holes in the mandrel.
Proper positioning and orientation of these components relative to one another and with respect to the loading coordinate axes is essential to ensure accurate and consistent test conditions. To achieve this, proper location of a number of key parameters, the ankle centre, the knee centre and the knee centre-line need to be maintained. In the trans-tibial prosthetic socket, the location of the knee centre-line and knee centre is not easily identified due to the absence of a knee unit. In this study, a simple knee locator was designed to provide a mechanical means of identifying the direction of the knee centre-line and the position of the knee. The locator, together with the main frame and the alignment rod enabled the various components within the prosthetic assembly to be properly orientated and positioned. In particular, the alignment apparatus ensured that the u-axis passed through the knee centre and the ankle centre in the worst alignment position. The apparatus also ensured that the knee centre was located at a vertical distance of 500mm from the origin and that the knee centre-line was perpendicular to the u-axis to form the o-axis.
The alignment apparatus enabled the complete test prosthesis to be transferred to the loading fixtures with ease. The loading fixtures consisted of the mandrel, the top and bottom loading plates and the ball joints. The centres of the ball joints corresponded to the top and bottom load application points as defined in ISO 10328. The alignment slot and the mounting holes provided a quick and accurate method for positioning the lever arms at the specified offsets as detailed in the ISO standards.
Conclusion
Trans-tibial prostheses were successfully set up and tested using the alignment apparatus. Load coordinate axes and relative positions of the knee centre line, knee centre and ankle centre of the test prosthesis were established according to the ISO standards.
